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Abstract

Spatial variations of surface stress over the coastal shoaling zone are studied off-shore
of Duck, NC, by the research aircraft, LongEZ, equipped to measure both atmospheric
turbulence and oceanic waves. We find that the existence of the shoaling zone is clearly
defined by the decrease of the mean square slope of the short waves (wavelength shorter
than 2m) and the increase of the mean square slope of the long waves (wavelength longer
than 2m) with the off-shore distance. However, the spatial variation of the friction velocity
with off-shore distance is much larger with off-shore flow than with on-shore flow.

With on-shore flow, the spatial variation of the stress in the coastal zone is small. The
friction velocity is strongly correlated with the mean square slope of the oceanic waves. In
addition, the variation of the neutral drag coefficient, which represents the variation of the
aerodynamic roughness length at a constant observation height, is well correlated with the
atmospheric bulk Richardson number. With off-shore flow, the observed momentum flux
significantly decreases with off-shore distance. The relationships between the friction veloc-
ity and the mean square slope of the short waves, and the relationship between the neutral
drag coefficient and the atmospheric bulk Richardson number are obscured by the influence
of the upstream land surface within the field of view of the turbulence measurement. How-
ever, these relationships agree well with those for the on-shore flow cases, as the off-shore
distance increases until the field of view of the momentum transfer is entirely occupied by
the ocean. The results in this study suggests that the influence of the strong turbulence
from the land surface in off-shore flow may lead to ambiguous physical interpretation of the
correlation between the momentum flux and the derived sea state such as the wave age due

to self-correlations through the friction velocity.
1. Introduction

Surface stress over the sea has been investigated over open water from ships and air-

craft, and coastal water with research towers (Geernaert and Plant, 1990; Weller et al., 1991;



Kraus and Businger, 1994; Mahrt, et al., 1996). Numerous researchers have found that the
stress is greater over a young and developing wave field than over an older wave field (Ki-
taigorodskii, 1973; Geernaert et al., 1987; Donelan, 1990; Donelan et al., 1993). Developing
waves are commonly observed with atmospheric flow acceleration (changing wind direction
or speed), and fetch limited off-shore flow (Geernaert et al., 1987), while the older wave
field is more in equilibrium with the wind field. Young developing waves (small wave age)
are dominated by the growth of high-frequency capillary waves riding on long gravity waves
and travel slower than the wind, leading to high surface stress (Donelan, 1982; Geernaert
et al., 1986). The correlation between the surface wind stress and the sea-surface roughness
associated with capillary-gravity waves detected by radar backscattering from altimeters is
clearly demonstrated in the literature (Glazman and Pilotz, 1990; Glazman and Greysukh,
1993; Vandemark et al., 1997).

Fully developed waves (large wave age) move with a phase speed close to the wind
speed and are associated with relatively low surface stress. Analysis of RASEX (Risoe
Air-Sea Experiment) data indicated that most of the variation of the drag coefficient could
be explained in terms of wave age although self-correlation through the friction velocity
was important and a wind speed correction term explained additional variance (Perrie and
Toulany, 1990; Vickers and Mahrt, 1997a). The directional characteristics of the wind,
wind stress, and surface waves on the open ocean has been studied by Geernaert (1988a);
Geernaert et al. (1993); Rieder et al. (1994); and Friehe et al. (1999).

Interaction between the stress and the sea surface immediately off coast lines are not
fully understood (Mahrt et al., 1996; Mahrt et al., 1998; Mahrt, 1999). In the coastal
zone, large stress is expected to be associated with shoaling processes and wave breaking
as waves propagate into shallow water (Smith, 1980; Freilich and Guza, 1984). As the swell
approaches shallow water, it steepens and breaks, and the direction of wave propagation
varies with wavelength. Therefore, spatial variations of turbulent fluxes over the coastal

zone are expected to be large (Crawford, et al., 1993).



For the first time, the spatial variation of the air-sea interaction in the shoaling zone
is studied with both atmospheric and surface-wave observations on board the research air-
craft, LongEZ. The momentum flux transfer between the atmosphere and the sea surface
is investigated for on-shore and off-shore flows in section 4. The observed atmospheric and
oceanic data used in this study is described in section 2. Methods of data analysis are

explained in section 3. The summary of the study is in section 5.
2. Observations

Two experiments were conducted off the coast of Duck, North Carolina, one from Oc-
tober 26 to November 12, 1997; and one from March 1 to March 17, 1999. The LongEZ
aircraft (Fig. 1) was equipped to measure all three wind components, air temperature, and
atmospheric pressure at 50 samples per second, and surface radiation temperature (Ever-
est Interscience Inc., 4000.4GL infrared radiometer) at 1 sample per second (Crescenti et
al., 1999). The high sampling rate of the air-motion measurements enables us to calculate
atmospheric turbulent fluxes using eddy-correlation methods. The aircraft typically flies at
55 m s~ at 15 m over the sea surface.

Three laser altimeters (Riegl model #L.D90-3 VHS) were mounted in an triangle with
the triangle legs of 0.93 m, 0.94 m, and 0.94 m to simultaneously measure sea surface wave
heights (Vandemark et al., 1999a). The laser range accuracy is better than 2 cm. The
minimum surface wave length measured from the laser altimeters is about 2 m. In addition,
a downward looking Ka-band radar scatterometer was on board, and its footprint overlays
the footprint of the three laser altimeters.

There were 16 aircraft flights conducted in the two-week experiment in November, 1997,
and 23 aircraft flights in the three-week experiment in March, 1999. Repeated flights for
each flight track were designed to ensure adequate flux sampling. T'wo major flight patterns
were flown: one consists of tracks parallel to the coast line at different off-shore distances;
and one consists of many repeated runs along a track perpendicular to the coast line (Fig.2).

For the parallel track flight, there were typically two to four passes along each track. For
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Figure 1: Schematic diagram of the equipment on the NOAA LongEZ.

the perpendicular track flight, there were typically eight passes. During both experiments,
the tracks parallel to the coast line are about 20 km long. The track perpendicular to the
coast line is about 10 km long, and is extended to 90 km off-shore for some flights. In this
study, we focus on four parallel flights (Flights 5, 12, 14, and 15) and two perpendicular
flights (Flights 3 and 16) from the 1997 experiment and three parallel flights (Flights 5,
9, and 10) from the 1999 experiment (Table 1). Among these nine flights, the radar data
are available for all the flights except Flight 12 from the 1997 experiment. The wind was
on-shore for Flights 14 and 15 of the 1997 experiment, off-shore for Flights 3, 5, 12 of the
1997 experiment and Flights 5 and 9 of the 1999 experiment, and almost parallel to the
coast line for Flights 16 of the 1997 experiment and Flight 10 of the 1999 experiment (Table

1).
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Figure 2: Schematic diagram of flight tracks. The solid lines are the parallel tracks in the
1999 experiment. The dashed lines are the parallel tracks and the perpendicular track in

the 1997 experiment.

Table 1 Flight Information

case field flight date time radar flow vs.  flight wind dir.(deg)/
number campaign number (local) /laser coast track speed (m/s)
1 1997 F3 Nov. 2,97 1153 yes off-shore perpen. 233.8/7.77
2 1997 F5 Nov. 3,97 1326 yes off-shore para. 195.6/7.01
3 1997 F12 Nov. 9,97 1301 no off-shore para. 286.6/8.16
4 1997 F14 Nov. 10, 97 1119 yes on-shore para. 32.16/3.56
5 1997 F15 Nov. 10, 97 1347 yes on-shore para. 73.8/2.59

6 1997 F16 Nov. 11, 97 0734 yes parallel  perpen. 356.3/5.76
7 1999 F5 Mar. 4,99 1052 yes off-shore para. 272.4/11.18
8 1999 F9 Mar. 6,99 1006 yes off-shore para. 189.5/7.70
9 1999 F10 Mar. 7,99 1028 yes parallel  para. 339.4/13.26

3. Data processing

The aircraft position and velocity are obtained by combining the information from dif-

ferential GPS (global positioning system) with the information from the accelerometers,

where the GPS and the data from the accelerometers are recorded at 10 samples per sec-

ond and 50 samples per second, respectively. The aircraft platform attitude is obtained

by combining TANS (Trmble Advanced Navigation System) GPS attitude, recorded at 10

samples per second, with the information from the accelerometers, recorded at 50 samples



per second (Crawford and Dobosy, 1992).

All the aircraft data used for the data analysis in this paper were quality-controlled fol-
lowing Vickers and Mahrt (1997b). After eliminating records with apparent instrumentation
problems, the turbulent fluxes are calculated by averaging products of the perturbations
from non-overlapping windows of 1 km width. The qualitative results of this study, such as
the general character of the spatial variation of turbulent fluxes, were not sensitive to the
averaging window size. The flux error for the momentum transfer is less than 8%.

At a 15 m-flight level, the return radar backscatter signal strength from the radar relies
on the mean-square-slope of the integrated surface waves for wavelengths from 2.5 cm to
1 m. Since these waves are normally formed on the crests of the longer waves, the radar
backscatter signal is actually related to the mean square slope of the integrated surface
waves for wavelengths longer than 2.5 cm (Vandemark et al., 1997). The return radar
backscatter is quantified as the normalized radar cross section (NRCS), which is inversely
correlated with the mean-square slope (mss) of these integrated surface waves (Barrick,

1974; Vandemark et al., 1997),
mss = C - 10(~VECS/10) (1)

where C=0.52. The estimated error for NRCS is less than 2 %. The mean square slope
of the integrated surface waves represents the sea surface roughness. The dependence of
scatterometer returns on very long surface waves is found to be rather weak (Freilich and
Challenor, 1994; Lefevre et al. 1994). Theoretical prediction and measurements indicate
that surface wind stress and altimeter backscatter are related to partial integration of the
wave slope distribution (Brown, 1979; Kitaigorodskii, 1973), particularly in the capillary
wave range (Wu, 1972).

The mean square slope of the surface wave for wavelength longer than 2 m can be
calculated from the three simultaneous laser altimeter measurements corrected with the
aircraft attitude (Vandemark et al., 1999a). The estimated error for the mean square slope

of the surface waves from the laser altimeters is less than 5%. Combination of the mean



square slope of the integrated surface waves from the radar scatterometer (mss) for the
wavelength longer than 2.5 cm and the mean square slope of the surface waves from the
laser altimeters (mss;) for the wavelength longer than 2 m, the mean square slope of the
short waves (mss;) for wavelength shorter than 2 m can be estimated through the following

relationship,

mss = msss + mss. (2)

All the observed variables, including the turbulent fluxes and the mean-square-slope of
the surface waves: mssg, mss;, and mss, are averaged from repeated 20 km-long passes over
each flight track for the tracks parallel to the coast line to provide one value for each track.
The fluxes along the flight tracks perpendicular to the coast line are fitted as a function of
off-shore distance based on repeated passes.

The atmospheric stability is expressed in terms of the bulk Richardson number (R;),

9 AO z
R=-2502 ®)
where
A =T, —T,. (4)

In Eqgs.3 and 4, ¢ is the gravity constant, z is the observation height, 6y is the reference
potential temperature, set to be 285.15 K, U is the wind speed, and T and T, are the sea
skin temperature measured by the infrared radiometer, and the air temperature measured

from the LongEZ, respectively.
4. Spatial variations of stress in the shoaling zone

Surface stress (7) between the atmosphere and the sea surface over open water can be

estimated as

7= p(wd i + W' j) (5)
where p is the air density, v/, v/, and w’ are the wind speed components deviated from

their corresponding mean in the north-south, z_", the east-west, ;, and in vertical directions,



respectively. In this study, the mean value is defined as the non-weighted box average, with
the box width of 1km. The strength of the stress can be expressed in terms of the friction
velocity (u,), which is defined as

T = pu’. (6)

Based on Monin-Obukhov similarity theory, the friction velocity depends on wind speed,

atmospheric stability, and sea surface roughness, i.e.
1/2
u, = CA?1, (7)
where

1/2 K
Co'” = In(z/20) — Upn(2/L) (8)

Here Cy is the drag coefficient, U is the mean wind speed, 2y is the aerodynamic roughness
length, x is the von Karman constant, and W,, is the stability function for momentum
expressed in terms of z/L, where L is the Obukhov length. In this study, the Paulson
(1970) and Dyer (1974) stability functions are used. The ocean current is assumed to be
much smaller than the wind speed in Eq.7. In order to distinguish between the effects of zg

and z/L on the drag coefficient, the drag coefficient under neutral conditions, defined as

K

12 _
Cao™ = In(z/z)’

(9)

is used as a surrogate for zy. That is Cyy uniquely increases with zj if the observation level
z is constant. The aerodynamic roughness length is related to the physical roughness of the
underlying surface if the stress is generated by the interaction between the air flow and the

underlying surface.
4.1 Spatial variation of stress as a function of off-shore distance

Based on the data set described in section 2, the surface friction velocity significantly
decreases with off-shore distance within the first several kilometers off the coast in off-shore
flow (Fig.3a), while the spatial variation of the friction velocity is small in on-shore flow

(Fig.3b). The difference of the spatial variation of the surface stress between the on-shore
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and off-shore flow cases is also clearly demonstrated in the drag coefficient (Fig.3c and 3d),
in which case the dependence of the stress on the wind speed has been removed (Eq.8). The
drag coefficient systematically decreases with off-shore distance in the off-shore flow cases,
but not in the on-shore flow cases.

The spatial variation of the friction velocity with off-shore flow is very systematic and
cannot be explained by the random flux sampling error. According to Horst and Weil (1994),
90% of the turbulent scalar flux measured at the height of 10 m typically originates from
the footprint of 1-2 km upstream although the footprint varies with atmospheric stability
and wind speed. Using the footprint theory for scalar quantities as guidance, as the flow
travels from the turbulent and rough land surface to the smooth sea surface, the percentage
of the land surface within the field of view of the flux measurement decreases. Here the field
of view is used in order to distinguish between the momentum transfer and the trace gas
transfer. The dramatic decrease of the momentum flux with off-shore distance in Fig.3a and
Fig.3d is consistent with the footprint theory. The true interaction between the turbulent
air and the sea surface within the field of view of the turbulence measurement is obscured

by the strong upstream land influence.
4.2 Relationship between wind stress and sea surface roughness

As momentum is transferred from the atmospheric flow to the ocean by the atmospheric
turbulence, surface wind-waves are generated. In general, the mean square slope of the
short waves (mss,) decreases with off-shore distance for both on-shore and off-shore flow
cases, and the mean square slope of the long waves (mss;) increases with off-shore distance
(Fig.4). The exception for case 9 in Fig.4d is due to the increase of the wind speed with the
off-shore distance (Fig.5). The characteristics of the short and long waves as a function of
off-shore distance is consistent with the wave spectra found by Hasselmann et al. (1973).

The increase of mss; and the decrease of mssy with off-shore distance implies the exis-
tence of the shoaling waves, and increased wavelength with off-shore distance. As the long

swell moves towards the coast line, the variation of the bathymetry forces the long waves to
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shift the energy to shorter waves through shoaling. The sharp decrease of the mean square
slope of the long waves due to the shallow water of the coastal zone is particularly clear for
case 9 in Fig.4e, in which case the wind was strong.

For the off-shore flow case, the large mean square slope of the short waves close to the
coast is also related to the young waves generated by the turbulent air as the sea surface
responds to the atmospheric momentum flux quickly. As these waves propagate off-shore,
the new wind-generated short waves transfer the energy to longer waves due to wave-wave
interaction.

Comparing the spatial variation of msss, mss;, and mss (Fig.4) with the spatial vari-
ation of the stress (Fig.3), there is no sharp drop of the mean square slope of either wave
category (Fig.4) for the first several kilometers off-shore, in contrast to the sharp decrease
of the friction velocity with the off-shore flow. Since the observed momentum flux includes
the influence of the upstream land, while the mean square slope of waves represents the sea
surface state right under the observational point, the field of view of the two is mismatched.
The mismatch of the field of view is not very important if the spatial variation of the surface
does not vary dramatically, such as the cases of on-shore flow.

Because the field of view of the momentum flux reduces with decreasing observation
height, the difference between the larger momentum flux at higher level due to the land
influence and the smaller momentum flux at lower level due to the complete ocean surface
leads to vertical momentum flux convergence. The vertical momentum flux convergence
accelerates the wind downstream (Fig.5), which is also observed by Smedman et al. (1995).

With on-shore flow, the friction velocity and the mean square slope of either short,
long, or the integrated short and long surface waves are closely correlated (Fig.6). This
relationship is consistent with previous observations (Brown, et al. 1981, Glazman and
Greysukh, 1993; Vandemark et al., 1997; and Vandemark et al., 1999b).

For the off-shore flow case, the friction velocity is not well correlated with the mean

square slope of the waves. However, once the data from the first 5 km off the coast are

12
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excluded, the relationship between the friction velocity and the mean square slope of the
short waves agrees reasonably well with the relationship for the on-shore flow.
Hasselmann et al. (1973) found that the evolution of wave spectra for off-shore winds
can be described in terms of the shift of the wave peak energy and the variation of the wave
spectral width. The energy of the waves increases with off-shore distance and the peak of the
wave spectra progressively moves toward lower frequencies as the fetch increases. Vickers
and Mahrt (1997a) also find that the wave spectra are broader for the off-shore flow than
for the on-shore flow. We would expect that the friction velocity is related to both short
(shorter than 2 m) and long (longer than 2 m) surfaces (Rieder and Smith, 1998). Fig.6
shows that the friction velocity is only well correlated with the mean square slope of the
short waves, but not long waves if the data within the first 5 km off the coast are excluded.
The poor correlation for the long waves may be due to the influence of the non-wind-driven

long waves captured by the laser altimeters, such as swell.
4.3 Influence of the atmospheric stability on the wind stress

The surface roughness of the ocean ripples (mainly the capillary waves) is found to
increase with the atmospheric instability (Keller et al., 1985; Hwang and Shemdin, 1988; and
Wu, 1991). As the atmospheric boundary layer is more turbulent under unstable conditions,
sea surface ripples respond more strongly to the pulsating turbulent air movement, and the
sea surface roughness is enhanced, in contrast to stability-independent roughness lengths
over land surfaces (Sun, 1999).

Figure 7 shows that the aerodynamic roughness length, represented by Cyg, does increase
with atmospheric instability systematically for the on-shore case where the downward mo-
mentum transfer is completely associated with the interaction between the air and the
oceanic waves. Since the aerodynamic roughness length is derived from the observed mo-
mentum flux based on M-O similarity theory, the computed aerodynamic roughness length
close to the coast line is inevitably affected by the upstream land surface as the land sur-

face is within the field of view of the momentum flux measurement. However, the bulk
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Richardson number is the bulk parameter based on the mean variables over the sea sur-
face. Therefore, the aerodynamic roughness length is not well correlated with the bulk
Richardson number. As the field of view of the momentum flux is occupied completely by
the sea surface when the off-shore distance is larger than 5 km, the correlation between the
aerodynamic roughness length and the bulk Richardson number agree reasonably well with
the correlation for the on-shore flow cases (Fig.7).

The relationship between the aerodynamic roughness length and the atmospheric insta-
bility for the on-shore flow cases implies the variation of the atmospheric stability may also
play an important role in the spatial variation of the sea surface roughness even when the

sea surface roughness is also enhanced by shoaling.
4.4 Discussion

Geernaert (1988b) summarized seven regression formulas for the neutral drag coefficient
as a function of wind speed. He found that the neutral drag coefficient was much larger over
shallow water than over open water. The large neutral drag coefficient over shallow water
cannot all be explained by the fetch dependent sea state. Therefore, the shoaling effect was
suggested. As indicated in this study, the large momentum flux observed in the coastal
area with off-shore flow is very likely influenced by the advection of the large momentum
flux from the land surface, as the land surface occupies a substantial percentage of the
footprint of the aircraft flux measurement. Therefore, the advection from the land surface
may explain the discrepancy between the observed and modelled, wave dependent neutral
drag coefficient in Geernaert (1988b).

Traditionally, the drag coefficient in the coastal zone is studied in terms of fetch and
wave age. The wave age is designed to characterize the movement of the wind relative to
surface wave motion, and in one version is defined as the ratio of the phase speed of the
significant wave relative to the wind speed. When the wave phase speed is much slower than
the wind speed (small wave age), strong flow relative to the waves induces large drag at the

sea surface. When the wave phase speed is comparable to the wind speed, the surface stress

18



between the atmospheric motion and the moving surface waves is small (Al-Zanaidi and
Hui, 1984). However, the interaction between the wind and the surface waves other than
the significant wave may also contribute to the surface stress when the wind-wave spectra
have a wide band structure, especially when the wind generates waves on the top of the
existing long waves (Donelan et al., 1993; Vickers and Mahrt, 1999).

Alternatively, the wave age is computed as the ratio between the phase speed of the
significant wave and the friction velocity (Geernaert et al., 1987; Donelan et al., 1993) with
the implied assumptions that the field of view of the turbulent fluxes is completely over
the sea surface. As demonstrated in this study, the stress over the coastal water can be
influenced by the strong turbulence advected from land, which is within the field of view
of the momentum flux measurement. The large momentum flux with the off-shore flow
would lead to a small value of the wave age (defined with the friction velocity instead of
wind speed). The wave age calculated using the observed friction velocity close to the coast
would not represent the true wave state until the field of view of the downward momentum
transfer is completely occupied by the sea surface. In addition, the frequency bandwidth
of wind-waves can be wide so that the phase speed of the peak frequency can be hard to
define. Therefore, previous studies on the relationship between the wave age (related to the
friction velocity) and the drag coefficient in the coastal zone could be more influenced by
self-correlation through the friction velocity, especially for the off-shore cases, rather than
representing a true physical relationship between the drag coefficient and the sea state as
the wave age is designed for (Anctil and Donelan, 1996).

General fetch-dependent studies of the momentum transfer in the literature may have
unknowingly captured the spatial variation of the field of view of the observed flux over the
land surface. Using the footprint theory as guidance, the measured flux downstream from
the land surface not only depends on the distance between the upstream turbulence source
and the measurement point, but also the spatial distribution of the upstream turbulence

and the spatial variation of the atmospheric stability. All these factors may cause large
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scatter in the relationship between fetch and the drag coefficient.
5. Summary

The spatial variation of the interaction between the atmosphere and the sea surface in the
coastal zone is studied by the simultaneous measurements of the atmospheric turbulence
and the sea surface from the Long-EZ research aircraft. In the shoaling zone, there are
distinct differences in the spatial variation of the surface stress and the correlation between
the surface stress and the sea surface roughness between the on-shore and off-shore flow
cases.

For the on-shore-flow cases, the friction velocity is well correlated with the mean square
slope of the short surface waves for the wavelength shorter than 2 m, and the long surface
waves for the wavelength larger than 2 m. The mean square slope of the short and long
surface waves is derived from the simultaneous measurements from the downward look-
ing Ka-band radar scatterometer and the three laser altimeters on board of the aircraft.
The neutral drag coefficient, which represents the aerodynamic roughness length with the
constant observation height, is well correlated with the atmospheric bulk Richardson num-
ber. These results indicate that there is interaction between the sea surface waves and the
turbulent air fluctuations.

However, for the off-shore-flow cases, the stress decreases rapidly with off-shore distance
within the first several kilometer off the coast. The sharp decrease of the momentum flux
is strongly related to the decrease of the percentage of the upstream land surface with the
off-shore distance within the field of view of the turbulent flux measurement, although the
interaction between the coastal sea surface and the turbulent air advected from the land
surface also contributes to the spatial variation of the momentum flux.

As a result of the influence of the upstream land surface within the field of view of the
atmospheric turbulence measurement, the variation of the neutral drag coefficient, or the
aerodynamic roughness length in this study, is not correlated with the atmospheric bulk

Richardson number within the first 5 km off the coast. When the field of view of the atmo-
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spheric turbulence measurement is entirely over the ocean, e.g. for the off-shore distance
larger than 5 km, the correlation between the aerodynamic roughness length and the atmo-
spheric bulk Richardson number agrees with the correlation for the on-shore flow cases, and
the correlation between the friction velocity and the mean square slope of the short waves
is consistent with that for the on-shore flow cases. The influence of the land surface on the
coastal momentum flux measurement depends on wind direction and atmospheric stability
within the field of view of the turbulence measurement.

Since the wave spectra are broader with the off-shore flow, the wind-driven waves are
not limited to the wave range between 2.5 cm and 2 m. However, non-wind-driven waves,
such as long swell, can also contribute to the mean square slope of the long waves in our
measurement. Therefore, the friction velocity is not well correlated with the mean square
slope of the long waves for the off-shore flow cases.

With both on-shore and off-shore flow, in general, the mean square slope of the short
waves (shorter than 2 m) decreases with off-shore distance and the mean square slope of
the long (longer than 2 m) waves increases with off-shore distance. The spatial variation of
the mean square slopes of the short and long waves indicates the existence of the shoaling
waves due to the spatial variation of the bathymetry as well as the energy transfer from the
short waves to long waves with off-shore distance. The interaction between the turbulent
air and the sea surface for the first several kilometers can also contribute to the decrease
of the mean square slope of the short waves and the increase of the mean square slope
of the long waves. However, without knowing the momentum flux from the sea surface,
the relationship between the friction velocity and the sea surface roughness is unknown.
Assuming the relationship between the friction velocity and the mean square slope of the
short waves for the on-shore flow cases represent the true interaction between the air and
the sea surface, the momentum transfer between the air and the sea surface would decrease
with off-shore distance, but not as much as the observed one in the coastal zone.

The dependence of the aerodynamic roughness length on the bulk Richardson number
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indicates that the effect of the shoaling waves on the enhancement of the momentum transfer
can be complicated by the effect of the atmospheric stability on the turbulent transfer and
the influence of the momentum flux from the upstream land surface.

This study demonstrates the complexity of the air-sea interaction in the coastal shoaling
zone, and the importance of the simultaneous observations of the atmospheric conditions
and sea state. With the influence of the turbulence from the land surface, the measured
momentum flux does not completely reflect the air-sea interaction. The wave age calculated
using the observed momentum flux may not represent the true wave state. The interaction
between the momentum flux and the variation of the surface waves for the off-shore case

needs to be further studied with detailed wave spectra.

Acknowledgments: We are gratefully acknowledge Edward Dumas for his hard work
on collecting and processing the LongEZ aircraft data. We are also thankful to the support
from the Field Research Facility of the US Army Corps of Engineers at Duck, NC. The
comments by Sean Burns are greatly appreciated. This work is supported by the Office of
Naval Research. Jielun Sun is supported by Grant N00014-97-1-0245, Douglas Vandemark
is supported by Grant N0001497F0179, Larry Mahrt and Dean Vickers are supported by
Grant N00014-97-1-0279, and Timothy Crawford and Christoph Vogel are supported by

Grant N00014-97-F-0123.

References:

Al-Zanaidi, M.A., and W.H. Hui, 1984: Turbulent air flow over water waves: a numerical

study. J. Fluid Mech., 148, 225

Anctil, F., M.A. Donelan, 1996: Air-water momentum flux observations over shoaling

waves. J. Phy. Oc., 1344-1353.

Barrick, D.E., 1974: Wind dependence of quasi-specular microwave sea scatter. IEEE

Trans. Antennas Propag., 22, 135-136.

22



Brown, G.S., 1979: Estimation of surface wind speeds using satellite-borne radar measure-

ments at normal incidence. J. Geophys. Res., 84(B8), 3974-3978.

Brown, G.S., H.R. Stanley, and N.A. Roy, 1981: The wind-speed measurement capability

of spaceborne radar altimeters IEEE J. Oceanic Eng., 6, 59-63.

Crawford, T.L., and R.J. Dobosy, 1992: A sensitive fast-response probe to measure tur-

bulence and heat flux from any airplane. Boundary-Layer Meteorol., 59, 257-278.

Crawford, T.L., R.T. McMillen, T.P. Meyers, and B.B. Hicks, 1993: Spatial and temporal
variability of heat, water vapor, and carbon dioxide, and momentum air-sea exchange

in a coastal environment. J. Geophys. Res., 98, 12,869-12,880.

Crescenti, G.H., T.L. Crawford, and E.J.Dumas, 1999: Data report: LongEZ(N3R) Par-
ticipation in the 1999 Shoaling Waves Experiment (SHOWEX) Spring Pilot Study.

NOAA Technical Memorandum ERL ARL-232.

Donelan, M.A., 1982: The dependence of the aerodynamic drag coefficient on wave param-
eters. In First International Conference on Meteorological and Air/Sea Interaction of

the coastal Zone. American Meteorological Society, Boston, Mass., 381-387.

Donelan, M., 1990: Air-sea interaction. Ocean Engineering Science, B. LeMehaute and D.

M. Hanes, Eds. John Wiley and Sons, 239-291.

Donelan, M.A., F.W. Dobson, S.D. Smith, and Robert J. Anderson, 1993: On the depen-

dence of sea surface roughness on wave development. J. Phy. Oc., 23, 2143-2149.

Dyer, A.J., 1974: A review of flux profile relationships. Boundary-Layer Meteorol., 7,

363-372.

Freilich, M.H.R.., and R.T. Guza, 1984: Nonlinear effects of shoaling surface gravity waves.

Phil. Trans. Roy. Soc., London, A311, 1-41.

23



Freilich, M.H., and P.G. Challenor, 1994: A new approach for determining fully empirical

altimeter wind speed model functions. J. Geophys. Res., 99, 25,051-25,062.

Friehe, C.A., G.L. Geernaert, J.P. Giovanangeli, K.F. Rieder, and J.A. Smith, 1999:
Surface-layer wind and stress directions. in “Air-Sea Exchange: Physics, Chemistry,

and Dynamics” ed. by Geernaert, G.L., Kluwer.

Geernaert, G.L., K.B. Katsaros, K. Richter, 1986: Variation of the drag coefficient and its

dependence on sea state. J. Geophys. Res., 91, 7667-7679.

Geernaert, G.L., S.E. Larsen, and F. Hansen, 1987: Measurements of the wind stress,

heat flux, and turbulence intensity during storm conditions over the North Sea. J.

Geophys. Res., 92, 13,127-13,139.

Geernaert, G.L., 1988a: Measurements of the angle between the wind vector and wind

stress vector in the surface layer over the North Sea. J. Geophys. Res., 93, 8215-

8220.

Geernaert, G.L., 1988b: Drag coefficient modeling for the near coastal zone. Dyn. Atmos.

Oceans, 11, 307-322.

Geernaert, G.L., and W.J. Plant, 1990: Surface waves and fluzes. Kluwer Academic

Publishers.

Geernaert, G.L., F.Hansen, M.Courtney, and T.Herbers, 1993: Directional attributes of

the ocean surface wind stress vector. J. Geophys. Res., 98, 16,571-16,582.

Glazman, R.E., and S.H. Pilorz, 1990: Effects of sea maturity on satellite altimeter mea-

surements. J. Geophys. Res., 95, 2857-2870.

Glazman, R.E., and A. Greysukh, 1993, Satellite altimeter measurements of surface wind.

J. Geophys. Res., 98, 2475-2483; Correction, 98, 14,751.

24



Hasselmann, K., et al. 1973: Measurements of wind-wave growth and swell decay during

the Joint North Sea Wave Project (JONSWAP). Deut. Hydrogr. Z., Suppl., A 8,

#12.

Horst, T.W., and J.C.Weil, 1994: How far is far enough?: the fetch requirements for
Micrometeorological measurement of surface fluxes. J. Atmos. oceanic Tech., 11,

1018-1025.

Hwang, P.A., O.H. Shemdin, 1988: The dependence of sea surface slope on atmospheric

stability and swell conditions. J. Geophys. Res., 93, 13903-13912.

Keller, W.C., W.J.Plant, and D.E. Weissman, 1985: The dependence of the X band mi-
crowave sea return on atmospheric stability and sea state. J. Geophys. Res., 90,

1019-1029.

Kitaigorodskii, S.A., 1973: The physics of air-sea interaction, translated from Russian,

Israel Program for Scientific Translations, Jerusalem, 273 pp.

Kraus, E.B., and J.A. Businger, 1994: Atmosphere-Ocean Interaction, Oxford University

Press.

Lefevre, J.M., J.Barckicke, Y. Meénard, 1994: A significant wave height dependen function

for TOPEX/POSEIDON wind speed retrieval. J. Geophys. Res., 99, 25,035-25,049.

Mahrt, L., D. Vickers, J. Howell, J. Hgjstrup, J.M. Wilczak, J. Edson, J. Hare 1996:
Sea surface drag coefficient in the Risp Air Sea Experiment. J. Geophys. Res., 101,

14,327-14,335.

Mahrt, L., D. Vickers, J. Edson, J. Sun, J. Hgjstrup, J. Hare, and J.M. Wilczak, 1998:

Heat flux in the coastal zone. Boundary-Layer Meteorol., 86, 421-446.

Mahrt, L., 1999: The coastal zone. in “Air-Sea Exchange: Physics, Chemistry, and Dy-

namics” ed. by Geernaert, G.L., Kluwer.

25



Paulson, C.A., 1970: The mathematical representation of wind speed and temperature

profiles in the unstable atmospheric surface layer. J. Appl. Meteor., 9, 857-861.

Perrie, W., and B. Toulany, 1990: Fetch relations for wind-generated waves as a function

of wind-stress scaling. J. Phy. Oc., 20, 1666-1681.

Rieder, K.F., J.A.Smith, R.A.Weller, 1994: Observed directional characteristics of the
wind, wind stress, and surface waves on the open ocean. J. Geophys. Res., 99,

22,589-22,596.

Rieder, K.F., and J.A. Smith, 1998: Removing wave effects from the wind stress vector.

J. Geophys. Res., 103, 1363-1374.

Smedman, Ann-Sofi, H. Bergstrom, and U. Hogstrom, 1995: Spectra, variances and length
scales in a marine stable boundary layer dominated by a low level jet. Boundary-Layer

Meteorol., 76, 211-232.

Smith, S.D.; 1980: Wind stress and heat flux over the ocean in gale force winds. J. Phy.

Oc., 10, 709-726.

Sun, Jielun, 1999: Diurnal variations of thermal roughness height over a gressland. Boundary-

Layer Meteorol., 92, 407-427.

Vandemark, D., J.B.Edson, B. Chapron, 1997: Altimeter estimation of sea surface wind

stress for light to moderate winds. J. Atmos. Oceanic Technol., 14, 716-722.

Vandemark, D., P.D.Mourad, T.L. Crawford, C.A. Vogel, J. Sun, S.A. Bailey, and B.
Chapron, 1999a: Measured changes in ocean surface roughness due to atmospheric

boundary layer rolls. Submitted to J. Geophys. Res.

Vandemark, D., T. Crawford, R. Dobosy, T. Elfouhaily, and B. Chapron, 1999b: Sea
surface slope statistics from a low-altitude aircraft. IEEE Proceedings of IGARSS,

Hamburg, 1999.

26



Vickers, D. and L. Mahrt, 1997a: Fetch limited drag coefficients. Boundary-Layer Meteo-

rol., 85, 53-79.

Vickers, D. and Mahrt, L., 1997b: Quality control and flux sampling problems for tower

and aircraft data. J. Atmos. Oc. Tech. 14, 512-526.

Vickers, D., and L. Mahrt, 1999: Observations of non-dimensional wind shear in the coastal

zone. Quart. J. Roy. Met. Soc., 125, xxxx.

Weller, R.A., M.A. Donelan, M.G. Briscoe, and N.E. Huang, 1991: Riding the crest: a

tale of two wave experiments. Bull. Amer. Meteor. Soc., 14, 835-848.

Wu, J. 1972: Sea-surface slope and equilibrium wind-wave spectra. Phys. Fluids, 15,

741-747.

Wu, J., 1991: Effects of atmospheric stability on ocean ripples: a comparison between

optical and microwave measurements. J. Geophys. Res., 96, 7265-7269.

27



